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= 935:6 nm)] [21].
y^; z^ (the \y   z beams") and contain cooling light tuned
red of F = 4 ! F
0
= 5 and repumping light near the
F = 3 ! F
0
= 3 transition [20]. These beams eliminate
the free-fall velocity to capture atoms in the FORT and
provide for subsequent cooling of trapped atoms.
A major obstacle to the integration of a conventional
red-detuned FORT with cavity QED is that excited elec-
tronic states generally experience a positive AC-Stark
shift of comparable magnitude to the negative (trapping)
shift of the ground state [13]. This leads to the unfortu-
nate consequence that the eective detuning between an
atomic transition and the cavity mode becomes a strong
function of the atom's position within the trap, which
interferes with the cavity QED interactions [16]. How-
ever, due to the specic multi-level structure of Cs, the
wavelength 
F
of the trapping laser can be tuned to a re-
gion where both of these problems are eliminated [14, 15],
as illustrated in Fig. 2 [21]. Around the \magic" wave-
length 
F
= 935 nm, the sum of AC-Stark shifts coming





states both being shifted







AC-Stark shifts remain slightly dependent on the hyper-
ne and magnetic quantum numbers of the 6P
3=2
states,
as shown in Fig. 2.
Our cavity has a TEM
00
longitudinal mode located





= 935:6 nm, allowing the implementation of
an internal-state insensitive FORT. The eld to excite










is F  2200 [19], so that a mode-matched




=  47 MHz for all states in the 6S
1=2
ground man-





which was used for all of our experiments.
We employed two distinct protocols to study the life-
time for trapped atoms in our FORT. In the rst, we use
the F = 4 ! F
0
= 5 transition for cavity QED inter-







= 0. In contrast
to Ref. [2], here the FORT is ON continuously without
switching, which makes a cooling mechanismnecessary to
load atoms into the trap. The initial detection of a sin-
gle atom falling into the cavity mode is performed with a







=  20 MHz), generat-
ing an increase in transmitted probe power when an atom
approaches a region of optimal coupling [22, 23]. This
increase triggers ON a pulse of transverse cooling light
from the y z beams, detuned 41 MHz red of !
4!5
. Dur-
ing the subsequent trapping interval, all near-resonant
elds are turned OFF (including the transverse cooling
light), both via acousto-optical switches and mechanical
shutters. After a variable delay t
T
, the cavity-QED probe
eld is switched back ON to detect whether the atom is
still trapped, where now 
p
= 0, resulting in a sharp
decrease in transmission when an atom is present. These
observations of single intracavity atoms in the FORT are
enabled by the state-insensitive character of the trap.
Data collected in this manner are shown in Fig. 3(a),
which displays the conditional probability P to detect an
atom given an initial single-atom triggering event versus
the time delay t
T
. The two data sets shown in Fig. 3(a)
yield comparable lifetimes, the upper having been ac-
quired with mean intracavity atom number

N = 0:30
atoms and the lower with

N = 0:019 [24]. The oset
in P between these two curves arises primarily from the
reduction in Æt of the cooling pulses, from 100 s to 5 s,
which results in a reduced capture probability. In ad-
dition to determining the lifetime, such measurements
with various loading conditions allow us to investigate
the probability of trapping an atom other than the \trig-
ger" atom and of capturing more than one atom. For
example, with Æt = 5 s as in the lower set, we have
varied 0:011 .

N . 0:20 with no observable change in
either P
T
or the trap lifetime  . Since a conservative up-





N  1), these data strongly
support the conclusion that our measurements are for
single trapped atoms. Quite generally, we routinely ob-
serve lifetimes in the range 2 s <  < 3 s depending upon
the parameters chosen for trap loading and cooling.
Fig. 3(b) explores scattering processes within the
FORT that transfer population between the 6S
1=2
; F =
(3; 4) ground-state hyperne levels. For these measure-
ments, the F = 4 level is initially depleted, and then the
population in F = 4 as well as the total 3+ 4 population
are monitored as functions of time t
D





) in F = 4. The measured time

R
= (0:11  0:02)s for re-equilibration of populations
between F = (3; 4) agrees with a numerical simulation



















FIG. 3: (a) Detection probability P as a function of trapping
time t
T
. The upper data set is for mean intracavity atom
number

N  0:30, while the lower set is for

N  0:019 atoms.










) in F = 4 following depletion of this level at t = 0. An
exponential t (solid line) gives 
R
= (0:11 0:02) s.
which predicts 
R
= 0:10 s for atoms trapped exactly at
the peak FORT intensity and for an unpolarized initial
state in the F = 4 manifold.
Turning next to the question of the mechanisms that
limit our FORT lifetime, we recall that in the work of
Ref. [2], the lifetime  = 28 ms was attributed to para-
metric heating caused by intensity uctuations of the
trapping eld [25]. Since then, we have invested con-
siderable eort to understand and eliminate this heating
mechanism [26], which is characterized by an exponential


















) as the power spectral density of fractional
intensity uctuations evaluated at twice the (harmonic)
trap frequency 
tr
. In our FORT, the relevant harmonic
frequencies are 
a
= 570 kHz for motion along the x-axis
of the cavity and 
r
= 4:8 kHz in the radial y   z plane.
However, due to the anharmonic shape of the FORT po-
tential, as a trapped atom heats, its motion will include





fore estimate a lower bound to the FORT lifetime due to
this heating mechanism by taking the maximum value
of  
p




> 1:6 s [27]. This estimate suggests that para-
metric heating could be a limiting factor in the lifetime
recorded in Fig. 3. However, subsequent measurements
of the FORT lifetime were performed in which the inten-
sity noise was reduced below the shot-noise level of our
detection system, giving a lower bound 
axial
p
> 9 s. Un-
fortunately, the measured lifetime was  = (3:1 0:4) s,
indicating that other mechanisms are at least partially
responsible for the observed decay rates.
A second suspect is a heating process described by
Corwin et al. [28] associated with inelastic Raman scat-
tering driven by the FORT eld. For a linearly polar-
ized FORT suÆciently far-detuned with respect to the
ground-state hyperne splitting, Zeeman sublevels in the
6S
1=2
; F = (3; 4) manifold are degenerate. However, this
degeneracy is lifted for any degree of elliptical polariza-
tion, which is present in our cavity due to residual mirror
birefringence [18, 19]. State-changing Raman transitions
driven by the FORT eld can then lead to heating, since
the sublevels are trapped in wells of dierent depths. We
calculate rates  
s
for spontaneous Raman scattering in
our FORT to be 2:5 to 7 s
 1
for transitions that change





changes [29]. Based on Eq. 3 in
Ref. [28] (a two-ground-state model), we can estimate





, giving heating timescales as short as 0:7 s
for the fastest calculated scattering rate. These estimates
indicate that this eect could indeed be important. How-
ever, we have also undertaken a more detailed calcula-
tion, including a full multilevel simulation of the optical





. We are working to resolve the
dierence between these calculations.
A third suspect that cannot be discounted is the pres-
ence of stray light, which we have endeavored to elim-
inate. For lifetimes as in Fig. 3, we require n 
10
 5
, which is not trivial to diagnose. A nal con-
cern is the background pressure in the region of the
FORT. Although the pressure in the chamber is typically
3  10
 10
Torr (leading to  ' 30 s), we have no direct
measurement of the residual gas density in the narrow
cylinder between the mirror substrates (diameter 1 mm
and length 43 m), except for the trap lifetime itself.
The results presented above were obtained \in the





and the cavity-locking laser at 
C
. Toward the
goals of continuous observation of single trapped atoms
over long times and of implementing -schemes in cavity
QED [7, 8, 9, 30], we next present results from a second
protocol. In this scheme, the cavity is on resonance with
the F = 4! F
0








Atoms falling into the cavity mode are detected by a re-








= 0), with the probe then triggered OFF. Here,
the repumping light from the transverse y   z beams is
always ON, with xed detuning 
3
with respect to the
F = 3! F
0
= 3 resonance. Cooling light from the y   z
beams to drive F = 4! F
0
= 5 is no longer used. After
a delay of 80 ms following a trigger event (which allows
other atoms to fall through the cavity and be lost), the
probe beam is switched back ON, and sets t = 0. As
before, the FORT is left ON continuously.
An example of the resulting probe transmission is
shown in Fig. 4, which displays the continuous obser-
vation of a single trapped atom. In these experiments,
unlike those of Fig. 3, we use lower detection bandwidth
(1 kHz instead of 30 kHz) since the probe power is much
weaker ( m
e
' 0:02 instead of ' 0:5 for the empty cavity).
This reduced time resolution for the trigger in the pres-
ence of continuous probing and repumping elds means
that we trap more than one atom with increased fre-














FIG. 4: Continuous observation of a single atom trapped in-
side a cavity in a regime of strong coupling. Displayed is the
strength of the intracavity eld m = jha^ij
2
deduced from the
heterodyne current as a function of time t, where the initial
trigger event occurred at t =  80 ms. RF detection band-
width = 1 kHz, 
0
C





= 25 MHz (blue).
level m
1
of Fig. 4. In such cases, the probe transmission
versus t is observed always to increase in a discontinuous
\staircase" of steps, presumably due to the loss of succes-





, which we then associate with a single atom.
Given that the FORT is ON continuously, it is remark-
able that a falling atom can be trapped and observed over
long intervals as in Fig. 4 in the absence of transverse
cooling light on the F = 4 ! F
0
= 5 transition. Since
we have not seen such striking phenomena under similar
conditions for cavity QED with the F = 4 ! F
0
= 5
transition, it seems likely that a cycle between hyperne
ground levels F = 3, 4 is involved in a cooling process
involving the repumping and cavity-QED beams. We ob-
serve a strong dependence of the trapping and continuous
observation times on the detuning of the y   z repump-
ing beams near F = 3 ! F
0
= 3, with an optimal value

3
' 25 MHz to the blue, which strongly suggests blue
Sisyphus cooling as has been employed in \gray" opti-
cal molasses [31]. The cavity QED probe is also a critical
component, since without it, observations as in Fig. 4 are
not possible, although it is not clear whether this beam
is acting as a simple \repumper" or is functioning in a
more complex fashion due to strong coupling.
In summary, we have demonstrated trapping of single
atoms in a domain of strong coupling in cavity QED.
Lifetimes of  ' 2   3 seconds have been achieved, and
are limited by as yet unidentied loss mechanisms. Since
intrinsic heating in the FORT is quite low ( 11 K=s
due to photon recoil), we anticipate possible extensions
to much longer lifetimes. The small transition shifts for
our FORT should enable the application of a variety of
laser cooling schemes, including for atomic connement
in the Lamb-Dicke regime. The realization of this FORT
also sets the stage for further advances in quantum in-
formation science via photon-atom interactions. For ex-
ample, for an atom trapped in our FORT, the rate of





=s  (; ), leading
to information about atomic dynamics at a rate that far
exceeds that from either cavity decay at rate  or spon-
taneous scattering at rate  (as in uorescence imaging)
and suggesting new possibilities for sensing and control
of the quantum dynamics of an individual system.
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